The role of glutamate receptors in regulating programmed neuronal death and deafferentation-induced neuronal death in the brainstem auditory nuclei was studied by in ovo drug administration to chick embryos. The nucleus laminaris (NL) undergoes programmed developmental cell death of 19% between embryonic day 9 (E9) and E17. The AMPA/kainate receptor antagonist CNQX, when administered at doses of 200 -300 g/d from E8 to E15, prevented programmed neuronal death in NL through at least posthatching day 8, without producing anatomical or behavioral abnormalities. 3-((RS)Ϫ2-Carboxypiperazin-4-yl)-propyl-1-phosphonic acid, an antagonist of NMDA receptors, had no effect on normal cell death in the NL. CNQX, given from E8 to E15 or only from E8 to E10, also blocked the 33% neuronal loss in the nucleus magnocellularis (NM) that follows surgical destruction of the otocyst on E3, a procedure that deafferents NM neurons by preventing formation of the cochlear nerve. Treatment either with CNQX or the more highly selective NBQX from E8 to E10, before the onset of synaptic transmission in NM and NL, was also effective in preventing normal neuronal death in NL. Analysis of the effects of CNQX or NBQX on spontaneous embryonic motility at E10 showed that the doses effective in preventing neuronal death suppressed motility for Ͻ8 hr. We conclude that periodic blockade of AMPA/kainate receptors can protect CNS neurons against subsequent programmed cell death or deafferentation-induced death.
Modulation of glutamate receptor function can have profound effects on developing neurons. These effects, which are thought to depend on receptor-mediated changes in cytosolic calcium concentration, include changes in neurite outgrowth, synapse formation, expression of neurotrophins and their receptors, expression of the glutamate receptor, and neuronal survival (Mattson, 1996) . Because the NMDA subtype of the glutamate receptor is prominent in many CNS regions during key periods in development and is a major source of calcium influx in many neurons (Mori and Mishina, 1995) , the role of this receptor subtype in nervous system development has received extensive study (Scheetz and Constantine-Paton, 1994) . The non-NMDA receptors, however, are the main mediators of excitatory neurotransmission (Collingridge and Lester, 1989; Bettler and Mulle, 1995) and in a number of CNS regions are also permeable to calcium ions (Jonas and Burnashev, 1995) . Calcium-permeable AMPA /kainate receptors have been shown to confer susceptibility to excitotoxic death in cultured spinal cord neurons (Carriedo et al., 1996) , and normal neuronal death in the chick spinal cord is increased by treatments purported to raise intracellular calcium levels (Ciutat et al., 1994) . It is not known, however, whether non-NMDA receptors are important in controlling cell number during development.
The present study examined the role of AMPA /kainate receptors in regulating neuron number in two developing brainstem auditory nuclei by means of in ovo drug administration to chick embryos. The nucleus laminaris (NL) and nucleus magnocellularis (NM) are well defined, small, and relatively homogeneous nuclei with large neurons that receive excitatory glutamatergic synaptic input from a single major source. For these reasons, NM and NL have been used extensively in studies of the control of neuron survival by afferent synaptic connections and activity (Rubel and Parks, 1988; Rubel et al., 1990) . Calcium-permeable AMPA receptors are prominently expressed in NM and NL during development (Zhou et al., 1995) and mediate normal synaptic transmission (Otis et al., 1995) . Normal programmed cell death in NL occurs during a period when these neurons receive rhythmic spontaneous excitation via afferent pathways originating in the cochlea and acting via AMPA receptors (Lippe, 1994 ). In contrast, NM neurons exhibit no normal death but depend on cochlear nerve afferent activity for survival and growth (Parks et al., 1987b; Rubel et al., 1990) . We have found that the competitive antagonists CNQX and NBQX can permanently rescue NL neurons from programmed cell death. In addition, we show that CNQX can rescue NM neurons from deafferentation-induced death. Preliminary reports of some of the findings have been made (Zhou et al., 1994; Solum et al., 1996) .
MATERIALS AND METHODS
Subjects. Fertilized White Leghorn eggs obtained from a local supplier were maintained in a forced draft incubator at 37°C in the laboratory. At 48 -50 hr of incubation, a lateral window was made in the egg with a sanding wheel. In one group of embryos (the "operated" group), the right otocyst was removed with tungsten needles as described previously (Parks, 1981) . No surgery was performed on the remaining embryos (the "unoperated" group). For both operated and unoperated embryos, the window was sealed with paraffin and a glass coverslip, and the egg was returned to the incubator. All embryos were then subjected to drug or saline treatments as described below. In ovo drug injections. Beginning on embryonic day 8 (E8) and continuing daily thereafter until E10, E12, or E15, embryos were given 0.2 ml of either a drug dissolved in vehicle or vehicle alone by lifting the coverslip, directly applying the solution via a 1 ml syringe to the surface of the chorioallantoic membrane, and resealing the coverslip. Drugs used included CNQX, NBQX, and 3-((RS)Ϫ2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP), which were obtained from Tocris-Cookson (Essex, UK). CNQX and CPP were dissolved in 0.9% saline, and NBQX was dissolved in 0.9% saline/10% dimethylsulfoxide (DMSO); controls received either saline (n ϭ 7) or saline/ DMSO (n ϭ 2). The period during which CNQX was affecting synaptic transmission in the CNS was estimated by measuring embryonic motility as described below. After the series of drug and /or vehicle applications was completed, embryos were allowed to develop until Hamburger-Hamilton stage 43 (E17), at which time the brains of the embryos were prepared for Golgi or Nissl staining as described below.
Embryonic motility. Chick embryos move spontaneously from approximately E6 through hatching (Oppenheim, 1974) , and measurements of this endogenous motility can be used to assess drug effects on the developing CNS. Following the method of Oppenheim et al. (1978) , the effects on spontaneous motility of a 200 g dose of CNQX, a 100 g dose of NBQX, or 200 l of vehicle given to E10 embryos with windows were examined. At 0.5, 1, 2, 4, 8, and 24 hr after drug administration, the number of gross movements was counted with a dissecting microscope during a 5 min period of observation while the embryo was maintained at normal incubator temperature. The observer was unaware of the treatment received by the embryos. Data were subjected to a repeated measures ANOVA, with post hoc comparisons by Fisher's protected least significant difference (PLSD) test.
Golgi staining. The effects of in ovo drug treatments on the form of neurons in NL was assessed by preparing E17 embryos for Golgi-RioHortega staining as described previously (Parks et al., 1987a) . Photomicrographic negatives of Golgi-stained NL neurons were digitized, and the images were prepared with Photoshop 3.0 software (Adobe) to optimize contrast and brightness, to crop and size the image for the intended figure, and to add scale bars and lettering. Finished figures were printed on a high-resolution digital printer (Pictography 3000; Fuji Corp.).
Nissl staining. Embryos to be Nissl stained were fixed for 1 hr in Carnoy's fluid, after which the brains were dissected and placed in fresh Carnoy's fluid for 2 hr. The brains were then dehydrated and embedded in paraffin. Serial coronal sections (10 m) through the brainstem auditory nuclei were cut on a rotary microtome; alternate sections were mounted on subbed slides and stained with thionin. Photomicrographs were prepared as described above.
Cell counting and statistical analyses. Expert proponents of different techniques for counting neurons in histological sections agree that each method should be calibrated against counts obtained from serial reconstructions. Calibration is necessary to avoid systematic overestimation of cell number because of double counting (Clarke and Oppenheim, 1995; Coggeshall and Lekan, 1996) . One method has been shown by such calibration to estimate neuronal number accurately (i.e., with a systematic overestimation of Ͻ2%) in all six regions of the developing chick nervous system where calibration has been performed (Clarke and Oppenheim, 1995) . Other empirical evidence, as well as theoretical considerations, also support the accuracy of this technique (Clarke and Oppenheim, 1995) . We have used this method to estimate neuronal number in NL and NM as follows. In every fourth 10-m-thick section through NL and NM, only those cellular profiles with all of the following features (when viewed at 400ϫ) were counted: a large cell body, a clear nucleus with an intact nuclear membrane, and a dark round nucleolus. To estimate neuronal number in NL and NM, these counts were multiplied by 4. Numbers determined in this way for the right and left sides of NL were averaged to provide a mean for each animal; these means were used for generating descriptive and inferential statistics. For NM, a percent difference in neuronal number was calculated for each animal as [1 Ϫ (O/U )] ϫ 100, where O equals neuronal number in NM on the operated (right) side of the brain and U equals neuronal number on the unoperated (left) side. These individual percent differences were used for generating descriptive and inferential statistics. Within-and between-observer reliability in counting was Ͼ95%. For inferential statistical comparisons involving three or more treatment groups, factorial ANOVA (with post hoc comparisons by Fisher's PLSD test) was performed. Two-group comparisons were made with the Mann-Whitney U test.
RESULTS

Effects of drug treatments on survival and neuromorphology
Administration of CNQX at 100 -300 g /d or CPP at 200 -400 g /d from E8 to E15 was relatively well tolerated by the embryos; for example, only a 17% increase in mortality occurred in CNQXtreated embryos when compared with saline-treated controls. Embryos treated with CNQX at 200 g /d often hatched if allowed to do so (see below) and showed no anatomical or behavioral abnormalities. As shown in Figure 1 , treatment of embryos from E8 to E15 with 200 g /d AMPA /kainate receptor antagonist CNQX, a dose that significantly reduces normal neuronal death in NL (see below), produced no detectable change in the gross morphology of the brainstem or in neuronal form in the brainstem auditory nuclei. NL had its characteristic shape, and its neurons showed the anteromedial-to-caudolateral gradient of dendritic form characteristic of this stage of development (Rubel and Parks, 1988) . Similarly normal brainstem morphology was observed in embryos treated with the NMDA receptor antagonist CPP and the AMPA /kainate receptor antagonist NBQX (data not shown). In animals with otocyst removal, a portion of the cochlear nucleus angularis (NA) migrates ventromedially to an ectopic position (Parks, 1979) ; this abnormal migration of NA was not affected by CNQX or CPP treatments (data not shown).
Normal neuronal death in NL
As shown in Figure 2 , neuronal number in NL declines 19% between E9 and E17 in vehicle-treated control animals and remains essentially unchanged thereafter. This developmental decrease in neuronal number is highly reliable [F (3,14) ϭ 9.38; p ϭ 0.0012]. E17 was therefore chosen as the stage at which drug effects on neuronal number in NL would be assessed.
Effects of drug treatments from E8 to E15 on neuronal number in NL at E17
Figure 3 presents the results of the various treatments from E8 to E15 on neuronal number in NL at E17. A one-factor ANOVA of these data showed a highly significant overall effect of treatment [F (4,26) ϭ 4.58, p ϭ 0.006] and several statistically reliable group differences. Because there were no reliable dose-dependent effects for CPP, data for 100 g/d (n ϭ 1), 200 g/d (n ϭ 4), and 400 g/d (n ϭ 4) treatments were combined for statistical analysis and graphic presentation. As shown in Figure 3 , mean NL number in CPPtreated animals did not differ from that in saline-treated controls (n ϭ 9; p ϭ 0.32). Treatment of embryos with CNQX from E8 to E15, however, showed a reliable and dose-dependent rescue of NL neurons otherwise destined to undergo normal neuronal death. At the lowest dose (100 g /d, n ϭ 3), CNQX had no reliable effect on NL number ( p ϭ 0.50), but both 200 g/d (n ϭ 9) and 300 g/d (n ϭ 4) CNQX produced statistically reliable increases in NL number over both saline-treated controls and the 100 g /d CNQX group ( p Ͻ 0.01). At the higher doses of CNQX, neuronal number in NL was maintained at a level that was not reliably different from that in normal E9 embryos ( p ϭ 0.99).
Permanence of the rescue of NL neurons by CNQX
We wanted to know whether cessation of drug treatment at E15 would eventually allow NL neurons present at E17 to die. To examine this question, we compared neuronal number in NL at posthatching day 8 (P8) in animals that were treated from E8 to E15 with saline (n ϭ 3) or 200 g /d CNQX (n ϭ 4) and then allowed to hatch. The number of NL neurons in CNQX-treated animals (2772 Ϯ 43, mean Ϯ SE) was a statistically reliable 28% greater than in controls (2157 Ϯ 133; p ϭ 0.03). Thus, at least through P8, CNQX treatment from E8 to E15 permanently rescues NL neurons from normal death. Prehatching exposure to CNQX did not have any apparent ill effects, because treated chicks seemed anatomically and behaviorally normal throughout posthatching life.
Is suppression of spontaneous activity in the auditory nuclei necessary for the survival-promoting effect of CNQX?
We were also interested in knowing whether the survivalpromoting effect of CNQX involved suppression of the spontaneous rhythmic synaptic stimulation that NM and NL receive from the developing cochlea during the period when neuronal death occurs (Lippe, 1994) . To assess this, we compared NL number at E17 in embryos treated with 200 g /d CNQX from E8 to E10 (3 d, n ϭ 3) and from E8 to E12 (5 d, n ϭ 3) with the effects of CNQX treatment from E8 to E15 (8 d, n ϭ 9); synaptic transmission begins in NM at E11 and in NL at E12 (Jackson et al., 1982) . Treatment with CNQX for as little as 3 d, from E8 to E10, resulted in a neuronal number in NL at E17 (2829 Ϯ 170, n ϭ 3) that was indistinguishable from the NL number in animals treated with CNQX for 5 (2717 Ϯ 134; n ϭ 3) or 8 (2788 Ϯ 157; n ϭ 7) d ( p ϭ 0.80) and also not reliably different from the NL number at E9 (2927 Ϯ 85; n ϭ 3) in normal animals ( p ϭ 0.83). To rule out any nonspecific effects of CNQX, we administered NBQX, an AMPA /kainate receptor antagonist that is more potent than CNQX and has no effects at NMDA receptors, at doses of 100 -150 g /d from E8 to E10. As shown in Figure 4 , NL number at E17 in NBQX-treated animals (2710 Ϯ 95; n ϭ 7) was also significantly greater than in vehicle-treated controls (2405 Ϯ 48; n ϭ 9). ANOVA showed a highly significant effect of treatment [F (2,16) ϭ 6.48; p ϭ 0.009], with both CNQX ( p ϭ 0.008) and NBQX ( p ϭ 0.011) showing reliable differences from controls but not from each other ( p ϭ 0.43).
The finding that CNQX or NBQX treatment from E8 to E10, before the onset of afferent-evoked synaptic activity in NM or NL, could prevent normal cell death in NL made it of interest to estimate how long a single dose of these drugs can antagonize non-NMDA receptors. Although quinoxalinedione AMPA /kainate receptor antagonists potently block synaptic transmission in NL in vitro (Zhou and Parks, 1991) , a direct in vivo measurement of the effects of CNQX in NL was not feasible. We therefore used the effects of CNQX and NBQX on spontaneous motility, which is mediated by glutamate receptors in the spinal cord (Barry and O'Donovan, 1987) , to estimate the length of time that a single dose of the drugs can affect CNS receptors (cf. Vogel and Prittie, 1995) . Comparison of motility data from 8 embryos at E10 treated with 200 g of CNQX, 3 embryos treated with 100 g of NBQX, and 11 control embryos treated with an equal volume of vehicle showed a highly reliable overall effect of treatment [F (2,13) ϭ 9.97; p ϭ 0.0024], with significant effects for both CNQX ( p ϭ 0.005) and NBQX ( p ϭ 0.003). Statistically reliable differences for CNQX were seen at 0.5, 1, and 2 hr after treatment, whereas NBQX exerted reliable suppression of motility from 0.5 to 4 hr (Fig. 5) . As shown in Figure 5 , CNQX and NBQX treatment, at the doses used, produced maximal decreases of ϳ60% versus controls, but motility returned to control levels within 4 hr for CNQX (8 hr for NBQX) and remained there until at least 24 hr after treatment. Thus, a dose of quinoxalinedione antagonist that is effective in preventing neuronal death in NL partially suppresses spontaneous motility in chick embryos at E10 for Ͻ4 hr after application of the drug.
Effects of drug treatments on deafferentation-induced neuronal death in the nucleus magnocellularis
By removing the embryonic precursor of the inner ear and acousticovestibular nerve, surgical ablation of the otocyst on E3 prevents innervation of the cochlear nuclei by cochlear nerve axons. Although there is no significant normal neuronal death in NM (Rubel et al., 1976; Parks, 1979) , unilateral otocyst removal causes one-third of the neurons in NM to die between E11 and E17 and the survivors to shrink by ϳ20% (Parks, 1979) . Parks (1979) also showed that neuronal number and size in the normally innervated NM in operated animals did not differ from those in unoperated control animals. In the present study, mean Ϯ SE neuron numbers in NM for the unoperated left sides of control and CNQX-treated animals at E17 were 4124 Ϯ 166 (n ϭ 3) and 4069 Ϯ 207 (n ϭ 8), respectively; these means did not differ reliably. For the operated sides of control and CNQX-treated animals, mean NM numbers were 2724 Ϯ 156 (n ϭ 3) and 3757 Ϯ 157 (n ϭ 8), respectively, a significant difference ( p ϭ 0.025).
As illustrated in Figure 6 , operated animals that were treated from E8 to E15 with 200 l of saline vehicle showed a mean Ϯ SE percent difference in NM neuron number of 33.5 Ϯ 5.9% (n ϭ 3), which does not differ significantly from the 30.0 Ϯ 9.2% difference determined previously for E17 animals (Parks, 1979) . Treatment of operated animals with 200 g /d CNQX from E8 to E10 (3 d group) resulted in a mean percent difference of 6.4 Ϯ 3.6% (n ϭ 2), and treatment from E8 to E15 (8 d group) resulted in a mean percent difference in NM neuron number of 6.9 Ϯ 5.5% (n ϭ 6); neither value is reliably Ͼ0. A factorial ANOVA comparing percent difference values in the control, 3 d, and 8 d groups showed a significant main effect of CNQX treatment [F (2,8) ϭ 5.41; p ϭ 0.032]. Subsequent comparisons showed that both treatment groups differed significantly from the control group (3 d, p ϭ 0.039; 8 d, p ϭ 0.014) but not from each other. Thus, CNQX treatment for either 3 or 8 d beginning on E10 can rescue essentially all of the NM neurons that would otherwise die after their normal afferent innervation is prevented by removal of the otocyst. Interestingly, although deafferented NM neurons were rescued by CNQX, they remained shrunken (data not shown).
DISCUSSION
We have found that CNQX or NBQX given to chick embryos in ovo can prevent essentially all normal neuronal death in NL and that CNQX can prevent the deafferentation-induced death in NM that follows early surgical destruction of the otocyst. CPP, a competitive antagonist of NMDA receptors, had no effect on neuron number in NL. The dose-dependent rescue of neurons by quinoxalinediones is likely to be permanent, because it persists for at least 1 week after hatching. Treatment with CNQX from E8 to E10 is as effective as treatment from E8 to E15 in rescuing NL and NM neurons, and NBQX can also significantly suppress cell death in NL when given from E8 to E10. A single 200 g dose of CNQX or 100 g dose of NBQX given at E10 reliably suppresses spontaneous motility for Ͻ8 hr.
The minimal effective dose of CNQX (200 g /d) probably results in drug concentrations Ͻ10 times the IC 50 for this antagonist in NM and NL. A dose of 200 g would produce a level of ϳ14 M if distributed uniformly throughout the volume of an average egg. This compares with an IC 50 value of 1.5 M for CNQX in blocking synaptic transmission from the cochlear nerve to NM in vitro at E14 (Zhou and Parks, 1992) . The affinity of CNQX for chick brain AMPA /kainate receptors expressed in Xenopus oocytes was studied by Zhou et al. (1993) , who found pA 2 values of 6.56 for CNQX antagonism of kainate-evoked currents and 6.43 for antagonism of AMPA-evoked currents. Although IC 50 values have not been determined for suppression of synaptic transmission in NL by CNQX, the values for the closely related quinoxalinedione AMPA /kainate receptor antagonists DNQX and NBQX in NL from E20 to P3 are 5.4 and 1.4 M, respectively (Zhou and Parks, 1991) . As shown by the motility measurements, 200 g of CNQX or 100 g of NBQX has only a transient effect on spinal cord synaptic activity at E10. Because there is no reason to believe that the potency of quinoxalinediones is greatly different at non-NMDA synapses in the spinal cord compared with elsewhere in the nervous system, it is reasonable to assume that the single daily dose of CNQX or NBQX effective in rescuing auditory neurons significantly reduced AMPA /kainate receptor-mediated synaptic transmission throughout the CNS for only a few hours.
The dose-dependent effect of CNQX on neuronal survival seems to depend on its action at AMPA /kainate receptors. CNQX is a potent and relatively specific competitive antagonist of non-NMDA receptors. It has 45-and 80-fold less potent effects, respectively, at the agonist-and glycine-binding sites of NMDA receptors than at the agonist binding site of AMPA receptors (Sheardown et al., 1990; Watkins et al., 1990) . The failure of the potent and specific competitive NMDA antagonist CPP to affect neuron number in NL, even at doses well above those affecting neuronal survival in the chick spinal cord (Roberts et al., 1993) , suggests that CNQX is not acting via NMDA receptors. This conclusion is strongly supported by the finding that NBQX can reduce programmed neuronal death in NL, because this potent AMPA /kainate receptor antagonist is reported to be inactive at both the agonist-and glycine-binding sites of NMDA receptors and to be completely ineffective in blocking NMDA receptormediated synaptic responses (Sheardown et al., 1990; Watkins et al., 1990) . NBQX is ϳ30-fold selective for AMPA receptors over kainate receptors in binding experiments, compared with a fivefold selectivity for CNQX (Sheardown et al., 1990; Watkins et al., 1990) , and approximately twice as potent as CNQX at blocking AMPA receptor-mediated synaptic transmission in NM (Zhou and Parks, 1992) . Given the present finding that NBQX is approximately twice as potent as CNQX in preventing normal neuronal death in NL, the survival-promoting effects of these drugs are likely to be exerted primarily or exclusively through AMPA receptors. Although CNQX and NBQX must act initially on non-NMDA receptors in reducing cell death in NL and NM, the possibility remains that a subsequent signal provides the proximal cause of neuronal survival. That is, the survival-promoting effects of the quinoxalinedione antagonists could occur directly via drug binding to AMPA /kainate receptors on NM and NL neurons or via an intermediate signal, arising elsewhere in the embryo, the expression of which is regulated by the activity of AMPA /kainate receptors. Many potential candidates for such a signal exist. A variety of endogenous ligands (including neurotrophins, growth factors, brain and muscle extracts, and protease inhibitors) can affect both normal and deafferentation-induced neuronal death (Oppenheim, 1991; Qin-Wei et al., 1994; Milligan et al., 1995; Mattson and Furukawa, 1996) . There is also increasing evidence that neuronal activity can regulate expression of some of these factors, particularly the neurotrophins (Bonhoeffer, 1996; Ghosh, 1996) .
The finding that, when given from E8 to E10, CNQX or NBQX can rescue NL neurons and CNQX can rescue deafferented NM neurons provides a tentative suggestion that the effect of these drugs is mediated indirectly. Neurons in NM and NL depend completely on excitatory auditory afferents to generate spontaneous activity (Rubel et al., 1990; Lippe, 1994) . Functional synaptic transmission does not begin in NM until E11 and in NL until E12 (Jackson et al., 1982) . The motility experiments reported here support the conclusion that a dose of CNQX or NBQX given on E10 would not be capable of suppressing synaptic transmission on E11 (cf. Vogel and Prittie, 1995) . Thus, the E8 -E10 drug treatments that prevent death of NM and NL neurons between E9 and E17 probably do not block synaptically mediated depolarizations of these neurons. It is possible that CNQX and NBQX block some interaction of ambient glutamate (Haberecht and Redburn, 1996) with AMPA /kainate receptors on NM and NL neurons before the formation of functioning synapses. At least in NM, such a mechanism could not involve calcium-permeable non-NMDA receptors, however, because they do not appear until after E11 (Zhou et al., 1995) . In view of this, we now favor the hypothesis that CNQX and NBQX increase production of one or more diffusible factors that act on auditory neurons to promote their survival. It is of course likely that these factors would also promote survival of other types of neurons.
It is particularly interesting that exposure of the embryo to quinoxalinedione antagonists from E8 to E10 permits NL and NM neurons to resist both normal developmental neuronal death and deafferentation-induced death that would otherwise occur primarily between E11 and E17. It is now appreciated that neuronal death is a process influenced by multiple extracellular signals, including neuronal activity, that are integrated to allow or block expression of a cell death program by neurons (Oppenheim, 1991; Figure 5 . A single dose of CNQX or NBQX suppresses spontaneous motility for Ͻ8 hr. The graph shows the mean Ϯ SE numbers of spontaneous movements in E10 embryos observed at intervals after administration of saline (n ϭ 11), 200 g of CNQX (n ϭ 8), or 100 g of NBQX (n ϭ 3). CNQX significantly suppressed motility from 0.5 to 2 hr, and NBQX suppressed motility from 0.5 to 4 hr, but motility returned to normal levels thereafter. Linden, 1994; Bredesen, 1996; Henderson, 1996) . There is increasing evidence that neurotrophins mediate important aspects of activity-dependent neuronal survival in some systems (Thoenen, 1995; Henderson, 1996; Mattson, 1996) . Although neurotrophins and their receptors are essential to the survival of peripheral auditory neurons (Ernfors et al., 1995) , little is known about their role in developing central auditory pathways. Hafidi et al. (1996) have shown recently that TrkB and TrkC receptors are localized at postsynaptic sites on central auditory neurons and that TrkB receptors develop in parallel with auditory function in the brainstem auditory system of the gerbil. These authors suggest that brain-derived neurotrophic factor and neurotrophin-3, the ligands for TrkB and TrkC receptors, respectively, may be regulated by neuronal activity in the auditory pathway and may act as survival signals for auditory neurons. Although it is attractive to hypothesize that such a mechanism might be involved in the survival of NM and NL neurons after CNQX or NBQX treatment, there is significant difficulty with this idea. These drugs reduce neuronal depolarization, and, under current models (Bonhoeffer, 1996; Ghosh, 1996) , decreased activity would be expected to cause decreased neuronal responsiveness to neurotrophins. The relationship between neural activity and expression of neurotrophic molecules is likely to be more complex than our current conceptions of it (Mattson, 1996) . Therefore, it remains possible that periodic, partial blockade of AMPA /kainate receptors during development, as induced in the present experiments, can result in increased expression of survival-promoting factors.
To our knowledge, this is the first report that an antagonist of non-NMDA receptors can promote neuronal survival in vivo during normal development or can protect neurons from the effects of embryonic deafferentation. The finding that relatively low doses of a quinoxalinedione antagonist given daily for as little as 3 d can completely and permanently prevent subsequent neuronal death, without producing apparent anatomical or behavioral abnormalities, was surprising. This finding suggests that drugs acting on AMPA /kainate receptors might be used: (1) to prevent programmed cell death in the CNS to understand better what purpose is normally served by neuronal loss (Henderson, 1996) ; and (2) to prevent transneuronal degeneration after neonatal insults to the CNS or sensory receptors. Several types of AMPA / kainate receptor antagonists, including quinoxalinediones, have been developed as potential clinical neuroprotective agents (Lees, 1996) , and at least one such compound is reported to be in clinical trials (Koroshetz and Moskowitz, 1996) .
